Transcranial electric stimulation (TES) is an increasingly popular method for non-invasive modulation of brain activity and a potential treatment for neuropsychiatric disorders. However, there are concerns about the reliability of its application because of variability in TES-induced intracranial electric fields across individuals. While realistic computational models offer can help to alleviate these concerns, their direct empirical validation is sparse, and their practical implications are not always clear. In this study, we combine direct intracranial measurements of electric fields generated by TES in surgical epilepsy patients with computational modeling. First, we directly validate the computational models and identify key parameters needed for accurate model predictions. Second, we derive practical guidelines for a reliable application of TES in terms of the precision of electrode placement needed to achieve a desired electric field distribution. Based on our results, we recommend electrode placement accuracy to be < 1 cm for a reliable application of TES across sessions.
Introduction
Transcranial electric stimulation (TES), including transcranial direct current (tDCS) or alternating current (tACS) stimulation, is an increasingly popular method for non-invasive modulation of neural activity in humans (Paulus, 2011) . Typically, weak electric currents (e.g. 1 mA) are passed through two or more electrodes attached to the scalp creating a low amplitude electric field in the brain. Repeat administration of these currents is increasingly considered as a potential therapeutic modality for psychiatry due to the ability to produce sustained changes in neural function, possibly by inducing neuroplastic changes (Kuo et al., 2014) . As TES moves towards the clinical realm, the need for consistent, reliable administration of TES across sessions and individuals becomes increasingly important.
A common practice in the application of TES is to equate the placement of electrodes across individuals using anatomical landmarks defined using a reference system, such as the International 10-20 system (Woods et al., 2016) . However, intracranial electric field measurements have shown that the spatial distribution of the electric fields (including orientation and strength) during TES can have intricate patterns (Huang et al., 2017; A. Opitz et al., 2016a) , which significantly increases the difficulty of creating reliable stimulation protocols. In this regard, current practices tend to rely on consistent placement of reference systems for the identification of anatomical landmarks to guide the targeting of stimulation; however, there have been only limited efforts to establish acceptable tolerance limits for variation in placement across administrations.
Realistic computational models of the brain offer a potential solution for increasing the spatial accuracy of targeting for stimulation. In addition to accounting for the impact of the expected variations in anatomy among individuals, they provide a medium for making predictions about the influences of anatomical factors that can vary across the lifespan, or can be affected by disease processes (e.g., Alzheimer's disease). Examples of such factors include gyral folding, CSF thickness, and skull composition (Opitz et al., 2015) . Additionally, they can provide insights into the impact of commonly overlooked technical factors, such as skin conductance and electrode size . Researchers are increasing the use of realistic brain models to devise electrode montages, and to interpret variations in TES outcomes within and across studies investigating differences in electric field spread and strength across individuals (Laakso et al., 2015) .
Here, we leverage individual-specific realistic brain models to inform our understanding of variations in the electric field generated by differences in electrode placement from administration to administration, and generate practical guidelines for decreasing this variability. We: a) carry out a validation for the specific realistic brain modeling framework used in the present work; this work confirms the findings of an initial validation effort recently carried out in ten neurosurgical patients (Huang et al., 2017) and extends it to provide an understanding of the impact of skull defects and surgical materials on findings, and b) use the validated model to establish estimates of the tolerance limits for the placement of electrodes; tolerance is determined with respect to the consistency of the spatial distribution of the electric field and that of the electric field strength generated. This allows us to derive an estimate of the minimal accuracy needed for electrode placement to reliably administer targeted transcranial electrical stimulation.
Methods

Participants
Model validation
Experimental data was obtained from a 29-year-old male patient and a 35-year old female patient with refractory epilepsy who underwent presurgical monitoring at North Shore University Hospital. The experimental protocol was approved by the Institutional Review Board of the Feinstein Institute for Medical Research; the patients gave informed consent in accordance with the ethical standards of the Declaration of Helsinki and monitored by the local Institutional Review Board. Generalization to neurotypical participants. To generalize findings from the patient, anatomical MR data from 25 participants of the Human Connectome Project were used to create individual realistic FEM models.
Electrode placement
The male patient was implanted with left subdural grid, strip, and depth electrodes (Integra Lifesciences Corp.). The female patient was implanted with bilateral s-EEG electrodes (Adtech Medical Instrument Corp.). The number and placement of electrodes were determined solely by clinical requirements. Electrode positions were identified on a postimplantation CT scan and registered in a two-step procedure -first to the post-implantation MR and then to the pre-implantation MR. The patients were monitored until sufficient data was collected to identify the seizure focus for 8 days. Continuous intracranial video-EEG monitoring was performed with standard recording systems (XLTEK EMU 128 LTM System) with a sampling rate of 500 Hz.
Transcranial electrical stimulation
TES measurements for model validation were conducted in a single session for each patient. Two circular saline-soaked sponge electrodes (25 cm 2 surface area) were attached to the scalp over the left and right temple (bilateral montage). The electrode montage was chosen to maximize electric field strength in areas with best coverage of recording contacts. A 1 Hz alternating current of 1 mA was applied (Starstim, Neuroelectrics) for 2 min with a ramp up/down of 10 s. The locations of stimulation electrodes were recorded with photographs.
In vivo field measurements
The measurement of intracranial electric fields generated by TES is central to model validation. In order to estimate electric fields from the recorded potentials we performed the following analysis steps: From each channel we subtracted the mean voltage over a time interval of 1s preceding stimulation onset to correct for baseline differences between channels and bandpass filtered the recorded voltages between 0.5 Hz and 1.5 Hz. To estimate the electric field strength during TES, we calculated the numerical gradient of the recorded voltages using the symmetric difference quotient. The numerical gradient was calculated along the implanted electrodes at the peak up-phase of the recorded voltages. For the central region covered with grid electrodes two gradients were computed along both grid axes and combined by vector addition. To enhance robustness of the electric field estimates we calculated the mean electric field over five stimulation cycles. The computation of the electric field along the electrodes measures the projection of the electric field along a vector spanned by the contacts.
Data analysis and modeling
Realistic brain model generation
To identify those factors that most impact the findings generated using realistic brain models, we created four distinct FEM head models of increasing complexity in multiple steps (see Fig. 1 ). First, we reconstructed WM, GM, ventricles and skin surfaces from the high-resolution pre-implantation T1 using Simnibs Windhoff et al., 2013) . The skull was segmented based on intensity thresholding and manual corrections from the co-registered CT image. Most importantly, the skull reconstruction included small openings present from the surgery (Fig. 1B, upper left panel) . The inner skull surface marks the beginning of the CSF and the outer skull surface the transition to the skin. To estimate the effect of accurate skull modeling on the estimation of TES electric fields we created a second skull model in which the skull openings were removed manually in the surface reconstruction ( right panel). In addition, we created a representation of the silastic ECOG grid, which due to its insulating material can affect the measured electric field distribution. The ECOG grid was cut from two sides to better fit it to the brain surface during surgery (Fig. 1B, lower left panel) . To estimate the effect these details have on the modeled electric field we created an additional version without cuts (Fig. 1B, lower right panel) . From these surface reconstructions we created four tetrahedral based volume meshes with approximately 2.8 million elements each with all different skull/-grid combinations (see Table 1 ). FEM model creation was similar for the female patient (see Supplementary Material).
FEM simulations
We used the following conductivity values if not specified otherwise
À10 S/m taken from the literature (Opitz et al., 2015) . Other studies have tried to fit conductivity values for different head tissues to achieve best overlap with the measurement data (Huang et al., 2017) . This is however a highly underdetermined problem needing more measurement data to reach definitive conclusions. We thus opted to use the standard conductivity values in this study. The conductivity of the skull openings was set to the conductivity of the skin, which was chosen due to the ease of implementation and similar electric properties as the scar tissue. For a qualitatively realistic estimation of the effect of skull defects it is mostly important to model a significantly larger conductivity than the skull in the regions of skull defects (Datta et al., 2010) . The electric potential and the electric field were calculated numerically with Simnibs. For details concerning the FEM computations see (Opitz et al., 2015) .
Model validation and comparison
In a first analysis, we compared the accuracy of the four different FEM models to predict the measured electric fields, specifically testing for the need of accurate skull and grid modeling in the male patient. For each FEM model we ran 10 simulations changing the grid conductivity from 0.1 S/m to 10 À10 S/m. This range of conductivity values was explored to demonstrate the impact of the grid on the electric field with the true conductivity of the grid in the 10 À10 S/m range. Thus, our simulations comprise different scenarios from a situation where the grid would have a similar conductivity as the surrounding brain tissues with expected little impact on the electric fields, to a situation where the grid is highly insulating and practically opaque for currents as would occur during the experiment. For the simulated electric fields, we computed their projection along the grid axes to compare them to the measured fields. A more confined analysis was performed for the female patient due to the differences in the implant (see Supplementary Material). Primary analyses focused on the comparison of measured and modeled values for the electric field strength. It also possible to compare the measured and modeled voltages and directional electric fields as in (Huang et al., 2017, see Supplementary Figure 8) . The decision to focus on electric field strength was based on the fact that this is the main variable of interest. Voltages tend to have relatively lower discriminability for model comparisons, with measured and modeled voltages exhibiting very high correlations, irrespective of the exact model chosen; the strength of these relationships is expected, as potentials will always follow a gradient between the stimulation electrodes, irrespective of the exact volume conductor. We further concentrated our analysis on the central grid, which gives relatively high resolution coverage of the area of the cortical surface where the strongest electric fields occur, and this area served as our primary region of interest. To compare measured with modeled electric fields we computed the spatial correlation of the electric field strength across the recording grid between measured and modeled values. Further, we compared the similarity in electric field direction by computing the dot product between the measured and modeled electric field vectors (all normalized to unit length). An aggregate measure of similarity was computed as the sum over all individual contacts.
Effect of stimulation electrode placements
In repeat sessions the location of stimulation electrodes can vary due to procedural shortcomings (e.g. small misalignments during registration) or limited spatial precision in the placement procedure. To study the effect that seemingly small electrode misplacements can have on the achieved electric field, we varied the position of the electrode over the left temple in the computational model; 1 cm steps in the anteriorposterior (7 steps) and inferior-superior direction (6 steps) were used, yielding a total of 42 electrode positions (6 Â 7 grid). We focused on this electrode due to its proximity to the recording electrodes and thus potential largest influence on the simulation results in this brain region. This was done for all four head models. The modeled electric field was evaluated at the recording contacts and its projection along the electrode contacts was computed in order to be comparable to the measurement data. During the electric field evaluation, we also slightly varied the location of the grid electrodes on which the modeled electric field would be read out from the mesh. This was done to account for possible slight misalignments between the CT and MR image, which could lead to a spatial uncertainty in the exact grid location. We implemented this by shifting the grid locations in 5 mm steps in anterior-posterior and superior-inferior direction (5 steps each with a total of 25 locations).
Translation to neurotypical participants
In order to study how results regarding electrode placement derived from this patient study would translate to normal participants without altered head/brain anatomy, we conducted an additional analysis in a set of 25 healthy participants. Realistic FEM models created for 25 participants from the human connectome dataset (Van Essen et al., 2012) as used in a previous study (Opitz et al., 2016b) were employed. We repeated the sensitivity analysis towards electrode displacements as for the male patient. For this, we registered the stimulation electrode locations from the patient to the 25 healthy participants and varied the electrode positions on a 6 Â 7 grid (1 cm spacing), calculating a total of 42 FEM simulations for each participant (see Supplementary Fig. 7 for one example). For results to be comparable to the patient scenario, we evaluated electric fields on a virtual grid (projection along grid axes) at the same brain locations as in the patient. We computed spatial correlations of the electric field for each electrode position to the electric field from the central electrode location. This allowed us to estimate to what extent electric fields would change with electrode positions shifted from the central location. We further evaluated the radius in which correlation values would still be up to r ¼ 0.8 compared to the center electrode. For that we up-sampled the correlation grid to determine the area in which correlation values are >0.8 (Supplementary Fig. 6 ). In order to confirm that found results are not dependent on the grid resolution we repeated the analysis for one participant with a higher resolution grid (5 mm spacing).
Results
Realistic head model validation
The first step in our work was to validate the finite element method approach used to simulate TES electric fields. Specifically, we compared A. Opitz et al. NeuroImage 181 (2018) 560-567 the spatial pattern of the electric field predicted by the realistic head model with the actual electric field measurements obtained from implanted electrodes. To maximize accuracy, the model accounted for the impact of skull defects and the ECOG grid with a realistic conductivity of 10 À10 S/m in the model. As depicted in Fig. 2 , the realistic FEM model successfully approximated the spatial pattern based on the measurement results (Fig. 2 A þ B) with a maximum correlation value of r ¼ 0.57 (p < 0.001, Fig. 2C ). As would be expected, enhanced electric fields close to the skull defect can be seen in both the measurement and model data. Using recorded voltages or directional electric fields lead to higher correlation values of r ¼ 0.8 (Supplementary Figure 8) . Comparable correlation values were found for the female patient (Supplementary Figure 9) . A key question that arises for any realistic head model is how important the varying components modeled are to the end results. While prior work has considered the relative contributions of differing tissue types, the data collected in the present sample provide a unique opportunity to consider the contributions of structural defects and surgical intervention materials. Specifically, we generated a series of models varying whether or not each of these is included. As demonstrated in Fig. 3 , the failure to account for skull defects significantly degrades the accuracy of the model prediction for the electric field generated. This is demonstrated by the collapse of the correlations for models that do not accurately account for this factor (Fig. 3B, left panel) . With decreasing conductivity of the silastic grid and thus increasing opaqueness towards electric currents, only the model that realistically accounts for both the grid and skull leads to high correlations. For realistic grid conductivities of 10 À10 S/m we used the R-package cocor (Diedenhofen and Musch, 2015) to statistically test between the different models. Cocor implements a Fisher z-test (Fisher, 1925) to compare the statistical significance in the difference of two correlation values. We tested whether the correlation value between the modeled and measured electric fields were significantly higher for the model accounting for both skull defects and the grid (Model 1) compared to the three other head models. 
Magnitude of the electric field
One notable limitation in the realistic brain model results that was expected based on prior work and merits further investigation, is the magnitude of the predicted electric field measurements. We found that for the male patient the maximum field strength predicted by the model was larger than that we directly measured. Comparing modeled to measured values in absolute terms, we found measurement values to bẽ 40% smaller compared to modeled results for the male patient. The mean electric field strength over all grid contacts was 0.058 mV/mm for the measurement results while the mean electric field strength over the best 50 fitting simulation results was 0.100 mV/mm (range: 0.071-0.122 mV/mm). On the other hand, in the female patient, the mean measured electric field strength was 0.115 mV/mm while the mean modeled electric field strength was 0.060 mV/mm, thus underestimating the measured field strength. In understanding the disparity between measured and observed field strengths, it is important to note that conductivities used in the models are largely based on measurements obtained from ex vivo studies; recent work (Huang et al., 2017; Opitz et al., 2017) has questioned the accuracy of these conductivity estimates, outlining the need for future in vivo studies to individually optimize the values used in models.
Establishing tolerance limits for variation in electrode placement
Using our validated model, we next examined the impact of variations in electrode placement on the reproducibility of the electric field generated from one administration to the next. A continuous decrease in correlation values is visible as the electrode position moves away from the "optimal" location (Fig. 4) . Higher correlation values were found within a radius of about 1 cm. Moving farther leads to strongly reduced correlation values. This suggests a minimum accuracy of < 1 cm should be achieved in practical experiments in order for models to be meaningful for electrode positioning.
We further tested the effect of electrode movements in a set of 25 normal participants. This was done to test how far results derived from combined modeling and measurement are applicable in a larger population with non-pathological brain and head anatomy. Similar to the patient results we found that within a 1 cm region electric field distributions are highly similar to each other, but quickly decrease within larger electrode movements (Fig. 5) . Average correlation values were r ¼ 0.85 and r ¼ 0.6 for 1 cm and 2 cm distances, comparing the electric field values at the virtual grid locations. Exemplary electric field distributions for various electrode shifts are shown in Supplementary  Figure 7 . Calculating a radius at which the correlation value would be at r ¼ 0.8 we found a distance of d ¼ 1.15 þ-0.14 cm across all 25 participants. A very similar value (1.124 cm compared to 1.096 cm; less than 5% deviation) was found for the one participant for which electric fields were computed on a high resolution grid (5 mm spacing). Investigating the effect of electrode movements on the mean electric Fig. 3. A) Illustration of ECOG grid (with two cuts) in the model with overlaid electric field B) Effect of skull and grid model on the correlation (left panel) between measured and modeled electric fields with varying grid conductivity (S/m in log units) for all four modeled cases (skull hole/grid cut ¼ blue, skull hole/no grid cut ¼ red, no skull hole/no grid cut ¼ green, no skull hole/grid cut ¼ black). With decreasing conductivity, the grid becomes more opaque to electric currents resulting in shunting around it and affecting the electric fields beneath it. For realistic field estimations, the skull defect needs to be modeled accurately (high correlations only for the models with included skull hole). Only according for grid or skull in a realistic model is not sufficient for realistic predictions. Similarly, the degree of overlap in the direction of measured and modeled electric fields need the skull effects to be accounted for realistically (right panel). Accounting for cuts in the ECOG grid slightly improved the overlap between measured and modeled directions. field strength showed a less steep drop-off with distance (Supplementary Fig. 3) . In a supplementary analysis, we estimated the effect of using a very small stimulation electrode (1 cm diameter, contralateral electrode kept identical (5.6 cm diameter) resulting in a more focal electric field distribution. Here we found that correlation values drop off slightly quicker with distance compared to large stimulation electrodes ( Supplementary Fig. 4 ) with a distance of d ¼ 0.95 þ-0.16 for an r ¼ 0.8 threshold. Nevertheless, the basic pattern of electrode movements is very similar for small stimulation electrodes compared to large ones, though there is an increased sensitivity. Based on both patient and healthy subject findings we conclude that electrode placement accuracy of within at least 1 cm is required for reliable simulation results. In addition, to the spatial correlation, we also evaluated the effect of changing electric field strength in a region of interest with changing electrode location (see Supplementary Material) . Again, we observed a drop-off with increasing distance. For some locations we observed higher field strengths compared to the central location, indicating the importance of individual anatomical factors in determining regions of maximum stimulation (Opitz et al., 2015) .
Discussion
The present work leveraged realistic brain models to estimate the consistency of electric field generation across TES administrations as a function of electrode montage placement. The ability of realistic head models to meaningfully predict in vivo measurements of the electric field generated by TES administration in neurosurgical patients was found to be compromised when actual electrode placement differed by more than 1 cm. Parametric manipulation of electrode placement in realistic brain models obtained from 25 neurotypical individuals, as well as neurosurgical patients in which in vivo measurements were conducted, converged on 1 cm as a limit for error tolerance in the administration of TES across administrations (i.e., sessions). These findings have direct implications for the usage of realistic models to optimize the spatial precision of TES approaches, as well as for protocols relying on repeat administrations of TES over time to ensure sustainable clinical or experimental effects.
Efforts such as the present work are increasingly turning to computational models to make predictions regarding the delivery and dosing of electrical currents to the brain by various transcranial stimulation approaches (e.g., TES, TMS). However, definitive validation of these models has proven challenging due to the need for in vivo measurements, which can only be obtained through invasive electrophysiological recordings. Fortunately, recent work has provided initial validations of the ohmic principles that are believed to govern the conductance of currents generated via TES (Opitz et al., 2016a) , as well as finite element method based realistic brain models (Huang et al., 2017) . Here, we confirm and extend prior validation results for realistic brain models. Similar to prior work, we found that the spatial distribution of the electric field predicted by our realistic brain model was highly correlated with that measured. We further confirm that computational models using current standard conductivities slightly misestimate the measured electric field strength, suggesting the need for individual adjustments of conductivities (Huang et al., 2017) . Additionally, we demonstrated a dependency of findings on the accuracy of skull and surgical component modeling. Amongst those investigated, other factors such as gyral folding and CSF thickness have been shown to have a profound effect on TES electric fields (Opitz et al., 2015) ; these findings emphasize the need for careful consideration individual differences in anatomy especially in populations where they might be altered (e.g. Alzheimer's). Uncertainties in tissue conductivities (e.g. due to possible neuroinflammation, filling material of skull defects) can affect the accuracy of model predictions. Future efforts to directly measure conductivities could further improve modeling efforts. A related point for future studies will be to determine the amount of model detail, e.g. by including more tissue types (Aydin et al., 2014) , that is needed for accurate predictions.
A key output of the present work is the recommendation that electrode montage placement not be allowed to vary by more than 1 cm from a target location. This might seem surprising considering the size of the employed electrode pads. However, the current flow distribution underneath the pads is not homogeneous, but tends to have higher field strengths close to the edges (Suppl. Fig. 7 ), so that even small shifts result in clearly different field distributions in the brain. In addition to the need for accurate electrode placement, this also emphasizes the importance of an accurate modeling of the electrode pads for realistic field calculations. Adherence to these recommendations will both affect the ability to use realistic models to improve the spatial precision of TES, and increase the reliability of TES administration across repeat sessions using neuronavigation. This finding is further important for between-subject comparisons due to level of variability (1-2 cm) of brain regions relative to the 10-20 landmarks. Ensuring a reliable application of TES across sessions and individuals is a key prerequisite for meaningful results in TES studies and can help mitigate current concerns about the large observed variability in TES response (L opez-Alonso et al., 2014; Wiethoff et al., 2014) . Another important point is the interpretability of TES effects. If electric fields are delivered inconsistently but effects are observed nevertheless, the results are more difficult to interpret because effects could be driven by other incidentally affected brain regions.
It is important to note that the present work examined the impact of imprecise electrode placement on the delivery of an electric current to the brain, not the neurophysiological or behavioral responses. In addition to these technical factors influencing the physical aspect of TES, a range of physiological factors can affect interindividual variability (Polanía et al., 2018; Ridding and Ziemann, 2010) . While this should be examined in future work, it is our belief that a better way forward is for the field is to first develop and adopt criteria for precise administration insteadthereby removing an obvious source of variation that can impact findings within and across individuals.
The present work contributes important novel insights to the larger vision of guiding spatial targeting for transcranial stimulation using computational models. In that regard, there are some limitations of the present work and next steps that merit discussion. First, regarding limitations, it is important to note that the 1 cm rule in the present work was established for a two-electrode montage with relatively large electrodes (25 cm 2 ) as well as a second smaller stimulation electrode type. These results can be further extended for other montages and electrode types. Future efforts going beyond electrode montage optimization in single participants are needed to harmonize dosing across participants. While the spatial distribution of the electric field was well approximated by the model, the absolute field strength was overestimated by about 40%. This can be mitigated by adjusting conductivity values of brain tissue which were often acquired ex-vivo (Gabriel et al., 1996) to better match in-vivo field measurements. More direct in-vivo measurements of conductivities in the low frequency domain can help to address the dearth of data in the literature. Efforts to individualize conductivities could be achieved using electric (Cheney et al., 1999) or magnetic resonance electric impedance tomography (Oh et al., 2003) .
With maximum correlation values of r ¼ 0.6, there is still a significant portion of unexplained variance of the data based on the model prediction. One possible reason could be the construction of the head model from the pre-implantation T1-image which differs from the postimplantation T1 with implanted grid electrodes resulting in changes in the brain geometry not fully accounted for by the co-registration procedure. However, it is noteworthy that our main conclusions of the need of accurate skull and grid modeling are not affected by this limitation; i.e., further effects of placement of stimulation electrodes were confirmed in a cohort of neurotypical participants without pathologically altered brain anatomy. Using other metrics of validation can result in correlation of r ¼ 0.8 or higher, demonstrating good overlap. Due to the arrangement of recording contacts, measurements are limited to a specific electric field orientation and spatial resolution (5mm). Here, validated FEM models can be helpful in future studies to fill in missing details not amenable to measurement.
In sum, we both validated computational models with in-vivo field measurements and derived practical guidelines for their meaningful application. Further, we extended results found in neurosurgical patients to a larger set of neurological typical participants. We conclude that an electrode placement accuracy of at least 1 cm is necessary to ensure a reliable application of TES across sessions. Future efforts to individualize conductivities can further help to harmonize dosing across participants.
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